Alumina nano-particles had a detrimental effect on the activity of the strontium substituted lanthanum manganite based electrodes.
Introduction:
The solid oxide fuel cell (SOFC) converts chemical energy directly into heat and electricity at high temperature [1] . One main obstacle that must be overcome if the SOFC is to be commercialized is the high opration temperature, i.e. a significant lowering of the operation temperature from ca. 800 °C to 600 °C is necessary [2] . In order to do this the electrodes has to be improved. Impregnation of state-of the-art composite electrodes of strontium substituted lanthanum manganite 2 and yttria stabilized zirconia (LSM/YSZ) composite SOFC cathodes with nanoparticles of various composition has proven effective in decreasing the polarisation resistance of SOFC electrodes in general [3, 4] . The positive effect of several types of nano-particles with quite different chemical compositions raised the questions: 1) will there be a positive effect of impregnation of all types of nano-particles? 2) Is the effect of impregnated nano-particles dependent on the electrode structure?
These questions have, to our best knowledge not been addressed in the open literature.
Thus, in an attempt to address these questions LSM/YSZ cathodes were impregnated with nano-particles of (La 0.85 Sr 0.15 MnO 3+δ (LSM15) and Al 2 O 3 , respectively. Two different types of LSM/YSZ electrodes, an optimized (screen printed) and a nonoptimized (slurry sprayed), were impregnated with LSM15 in order to investigate the effect of the backbone structure on the activity of the impregnated electrodes.
Impregnation of LSM-based cathodes has been tried before and a positive effect has been shown when impregnating with cobalt oxide as well as ceria based materials [6] [7] [8] . However, cobalt-based perovskites are not stable together with the commonly used YSZ electrolyte [9] . The spectra were recorded from 1 MHz to 0.05 Hz with five points measured at each decade. An amplitude of 24 mV was used throughout. The measurements were done on two cells of each type of cell. The fitting of the impedance data were done using the PC-DOS program 'equivcrt' by B.A. Boukamp [10] . In general the spectra were fitted with as few (RQ) elements as possible while still obtaining a solid fit. R is a resistance and Q is a constant phase element with the admittance:
Experimental:
where Y 0 is a constant, ω is the cyclic frequency, and n is an exponent. Y 0 and n is found from the fitting.
The slurry sprayed cells were heated to 800 o C in air before the electrochemical characterization. The screen printed cells were heated to either 800 o C or to 600 o C in air before the electrochemical characterization.
Micrographs of the symmetrical cells were recorded on a Zeiss Supra 35 scanning electron microscope (SEM) equipped with a field emission gun.
Results:
A SEM backscattered micrograph of a screen printed LSM15 unimpregnated symmetrical cell can be found in Figure 1 . In Figure 2 a SEM backscattered micrograph of an LSM15 impregnated screen printed symmetrical cell heated to 600 o C is shown. It is seen that that a larger fraction of small particles are present for the impregnated electrode than for the un-impregnated electrode. Results from the EIS measurements can be found in Table 1 and Figure 3 . In general the EIS spectra consist of three arcs at 600 o C, and two to three arcs at higher temperature, see also Figure 4 to 6, with and without impregnation with LSM. It is seen that for the slurry sprayed electrodes the apparent activation energy is almost unaffected by the impregnation, see Figure 4 . For the screen printed electrodes heated to 800 o C no effect is observed upon impregnation with LSM, see Figure 5 . In Figure 6 it is seen that the screen printed electrodes heated to 600 o C have a higher activity after impregnation. The effect of impregnation is lost when the electrodes is heated to 700 o C. Apparent activation energies for some of the electrodes are given in Table 5 .
Discussion:
When a cell made by slurry spraying is impregnated with LSM15 a large improvement of the ASR is achieved. As can be seen by consulting Table 3 the magnitude of all three arcs is decreased when impregnating with LSM15. The low frequency arc is the one that decreases the most. This arc is normally attributed to a slow oxygen-exchange reaction at the surface of the electrode [11] . This arc is probably minimized due to a larger surface area of the LSM in the electrodes due to the small particles formed as a result of the impregnation with LSM15, see Figure 2 .
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The medium frequency arcs are probably due to transport across the LSM/YSZ surface and through the bulk of the YSZ of the composite [12] . This arc is also affected by the LSM15 impregnation. The high frequency arc is known to be due to transport of oxide ions across the electrode/electrolyte interface [11, 12] . This arc is also affected by the impregnation with LSM15. The near-equivalent capacity of this arc can be calculated using equation (2) below [13] :
(2)
The near-equivalent capacity of this arc is around 0.5 μF/cm 2 strongly suggesting that this arc is due to a double layer capacitance [14] . Furthermore, the absolute ASR values of the slurry sprayed LSM/YSZ cathodes are higher compared to the screen printed LSM/YSZ cathodes even after the impregnation with LSM15. This shows that the backbone structure also is important in order to achieve a high activity of the electrodes. That the effect of impregnating the un-optimized backbone is larger than the effect of impregnating the optimized backbone could be due to the following. In the optimized backbone the LSM and YSZ particles are better dispersed than in the un-optimized backbone. When impregnating with LSM the LSM nano-particles are dispersed over the backbone structure. The effect of this will then be larger on the unoptimized backbone structure than on the optimized backbone structure, where the LSM and YSZ particles already are well dispersed. However, an effect of impregnating the screen printed electrodes with LSM15 is seen on the electrodes that have not been at high temperature, see Table 1 . From the apparent activation energies given in Table 2 , it is seen that the apparent activation energy is almost unaffected by the impregnation with LSM. This might be taken as an indication of that the mechanism of the reduction of oxygen on LSM/YSZ electrodes is unaffected by the impregnation with LSM, that is the rate of the reduction of oxygen is changed but the mechanism is the same.
When impregnating with Al 2 O 3 a detrimental effect was observed, see Table 3 . There can be several reasons for this. Either the alumina reacts with the LSM lowering the activity of the LSM phase as it has been observed for ferrites [15] , or the alumina particles covers the catalytic active sites on the LSM particles. It should, however, be noted that impregnation with un-doped ceria also enhances the activity of SOFC electrodes [16] . Table 2 . ASR of the individual arcs for the slurry sprayed electrodes (SS) at 600 o C in air. Arc 1 is the high frequency arc, arc 2 the medium frequencies arc and arc 3 is the low frequency arc. ASR data is given in Ωcm 2 . Table 3 . ASR of the individual arcs at 600 o C in air for the screen printed electrodes (SP) which had been pre-heated to 800 o C. Arc 1 is the high frequency arc, arc 2 the medium frequencies arc and arc 3 is the low frequency arc. ASR data is given in Table 4 . ASR of the individual arcs at 600 o C in air for the screen printed electrodes (SP) which had been pre-heated to 600 o C. Arc 1 is the high frequency arc, 3 the medium frequencies arcs and arc 3 is the low frequency arc. ASR data is given in 
